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Abstract 
Hard machining has grown in importance in recent years, due to the possibility of substituting cost and time intensive grinding processes, but 
also due to the development of heat and wear resistant cutting materials. Cemented carbide tools offer different substrate compositions, micro 
and macro geometries and the possibility to deposit a wide range of coatings. By the application of the High Power Impulse Magnetron 
Sputtering (HiPIMS) coating technology hard, dense and adhesive layers can be deposited. However, the impacting factors on the wear 
resistance of these coatings has thus far not been studied adequately. In this contribution cemented carbide cutting inserts in combination with 
different HiPIMS and Direct Current Magnetron Sputtering (DCMS) TiAlN films are studied with regards to their wear behavior in the 
machining of hardened steels. 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of 7th HPC 2016 in the person of the Conference Chair Prof. 
Matthias Putz. 
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1. Introduction 
Hard machining is defined as the machining of hardened 
ferrous materials with a hardness of 50 HRC or more. 
Particularly in the automotive and aerospace industries as well 
as in tool and mold constructions hardened steels are being 
increasingly used. Continuously increasing demands on the 
machining industry require a continuous development of the 
tools and process strategies, as conventional process chains 
for the production of components of hardened materials are 
time-consuming and expensive. By the use of hard machining 
it is possible to shorten process chains efficiently by the 
substitution of grinding or eroding processes. The high 
mechanical and thermal stresses during the hard machining 
process require the usage of thermal and chemically resistant 
hard cutting materials, for example polycrystalline cubic 
boron nitride (PcBN), ceramics and coated cemented carbides 
[1-3]. 
Coated cemented carbide tools are the most frequently 
used tools in modern manufacturing technology. Since the 
1980s, the wear resistance of carbide tools in combination 
with hard coatings has significantly increased. This progress 
has been achieved through continuous improvement of the 
substrate composition, coating material, the development of 
pre- and post-treatments of the tools and the growing 
knowledge regarding the coating deposition process [1, 4].  
The HiPIMS deposition represents an innovative 
development of the Physical Vapour Deposition (PVD) 
process. A pulsed current-voltage course with power pulses in 
the megawatt range and power densities of up to several 
kW/cm² (DCMS: ID = 20 to 50 W/cm²) of the target are used. 
Due to the high thermal load of the target because of the high 
power density the pulse duration of the discharge on the target 
are at a maximum of t = 200 µs. The high energetic pulses 
lead to an increased electron density in the target area and 
thus to enhanced probability of collisions between electrons 
and target atoms. This causes to a high ionization degree of 
the sputtered target material, up to 90 %. The advantage of the 
increased proportion of the sputtered target ions is the 
possibility of the acceleration and deflection of the ions by a 
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Table 1. Properties of the tested coatings. 
 D1 D2 D3 H1 H2 H3 
Coating process DCMS DCMS DCMS HiPIMS HiPIMS HiPIMS 
Bias UB [V] -20 -60 -100 -20 -60 -100 
Hardness coated tool [HV0.1] 1840 2080 2360 3240 2850 3320 
Surface roughness after deposition 
process Rz [µm] 
1.63 1.63 1.44 1.14 1.13 1.28 
Coating thickness [µm] 4.1 3.1 2.2 4.0 3.2 3.3 
Ti/ Al [at.%] 50/ 50 51/ 49 49/ 51 38/ 62 39/ 61 40/ 60 
Residual Stresses σRS substrate  
before/ after deposition process [GPa] 
-2.3/ -1.4 -2.4/ -1.3 -2.5/ -1.2 -2.1/ -1.2 -2.4/ -1.3 -2.3/ -1.3 
Residual Stresses σRS coating [GPa] / / / -2.2 -4.4 -4.6 
 
negative bias voltage to the substrate, which leads to an 
increased kinetic energy and free path length and the 
possibility of coating shaded areas. The increased kinetic 
energy of the layer ions results in higher surface mobility, 
whereby the columnar growth can be inhibited, which leads to 
higher densities and increased layer properties, such as better 
adhesion and higher hardness of the coatings [5-7]. 
Some experimental investigations have been undertaken in 
the field of machining of hardened steels with HiPIMS 
coatings. When turning hardened high-speed steel the 
HiPIMS coated tools have a higher flank wear resistance 
compared to currently available DCMS coated tools. Turning 
experiments with hardened hot work steel show problems 
with HiPIMS coated tools, whereby the average cutting 
volume compared to DCMS coated tools was 37 % lower, 
because of layer spalling [8, 9].  
2. Experimental Setup 
2.1. HiPIMS and DCMS coated carbide tools 
The coating processes of the TiAlN coatings were carried 
out by a coating plant from the company CemeCon AG, 
Würselen. Regardless of the method (HiPIMS or DCMS), the 
deposition process was reactively performed using nitrogen 
and a Ti/Al target at a deposition temperature TB = 520 °C. In 
order to change the morphology and the layer properties, the 
bias voltage UB was varied in the coating process  
(UB1 = - 20 V, UB2 = - 60 V, UB3 = - 100 V).The properties of 
the tested coatings are shown in Table 1. 
Table 2. Used cemented carbide types. 
Cemented carbide Type Type A Type B  
Tungtsen/ Cobalt [wt.%] 89/ 10 93/ 6 
Density ρ [g/cm3] 14.45 14.85 
Hardness [HV30] 1600 1790 
TRS [N/mm2] 4300 3900 
 
Carbide cutting inserts with the geometry of 
CNMN 120408 according to [ISO 1832] with two substrate 
types (Table 2) were used. For the investigation of physical 
properties of the coated tools and the model simulation of  
 
different wear mechanisms, 10 wt.% Co cemented carbide 
(type A) was applied. In the turning experiments a 6 wt.% Co 
cemented carbide (type B) was analyzed. Both types had a 
grain size of dk = 0.8 µm. Measurements of the cutting edge 
radius determined a radius of approx. rβ = 35 µm. 
2.2. Analysis of coating adhesion and tribological behavior 
2.2.1. Scratch test 
In order to analyze the coating adhesion, scratch tests were 
conducted according to DIN 1071-3. A Rockwell-C diamond 
indenter is moved at a constant speed with a linear increase in 
the normal force of 10 N/mm over the specimen surface. The 
scratch tracks were analyzed with force measurements, AE 
signals and microscope images. The coating adhesion was 
evaluated by the damage LC2, which indicates a layer flake off 
at the edge of the scratch. 
2.2.2. Calo test 
In order to analyze the resistance against abrasion, calo 
tests were conducted. A hardened steel ball of AISI 52100 
(62 HRC) with the diameter dc = 30 mm rotating in a 
polishing medium (slurry) was pressed with a defined load 
into the specimen. The slurry was a lapping suspension 
consisting of alcohol and diamond with an average grain size 
of dp = 1 µm.  
2.2.3. Impact test 
The impact test models the surface fatigue wear 
mechanism. The specimen is tested with a piezo-controlled 
diamond tip at a normal force of FN = 80 N and an impact 
frequency of f = 100 Hz. After 105 impacts the experiment 
was ended and the damage was evaluated.  
2.3. Hard turning tests 
Cylindrical turning experiments were carried out under wet 
cutting conditions on the CNC lathe type VDF 180 C U by 
Oerlikon-Boehringer, Göppingen, Germany. In this case two 
different steel types were used for experimental tests. The 
high alloyed hot work tool steel X40CrMoV5-1 hardened to 
55 HRC, which has a high heat resistance and toughness, and 
the hardened (54 HRC) cold work tool steel type 
X210CrW12, which has moderate toughness properties. For 
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examination of the wear form, the flank wear VB and crater 
width KB were measured until reaching the defined tool life 
criterion KBmax = 0.3 mm. Similar studies show that the most 
common wear forms in hard turning is flank and crater wear 
[11]. In the experiments, the crater wear criterion was the 
critical value and is therefore assessed in the evaluation. The 
clearance angle was αeff = 10 ° and the rake angle was the size 
of γeff = -10 °. 
3. Results 
3.1. Analysis of HiPIMS and DCMS coatings 
Figure 1 illustrates the development of the layer 
morphology depending on coating technology and Bias- 
voltage. The DCMS coatings (Fig. 1; a, b, c, d) are 
characterized by their distinct columnar structure and mainly 
show an intercolumnar fracture behavior, while the HiPIMS 
coatings (Fig. 1; e, f, g, h) have little to no columnar 
structures and their fracture behavior is characterized by a 
transcolumnar growth. Under contemplation of the fracture 
patterns from the DCMS coatings it can be stated that the 
higher the bias voltage the more dense is the structure 
(Fig. 1; c, d, g, h). The space between the columns itself 
becomes smaller, which can be attributed to the increased 
energy of the argon ions during the coating process. The 
raising of the bias voltage causes a higher bombardment of 
argon ions contained in the plasma, whereby a tighter coating 
structure is formed. The EDX analysis shows a higher 
aluminum content in the HiPIMS coatings, as shown in 
Table 1. This is a method specific effect which is likely due to 
the use of the same target in both coating processes. Elevated 
aluminum content may leads to higher hardness due to the 
stronger lattice distortions. The hardness of the DCMS coated 
inserts increased with higher bias voltages. With increasing 
bias voltage, the average hardness of the different HiPIMS 
coated inserts showed dependence of the coating hardness. 
The average hardness of the HiPIMS coated tools was higher 
than that of the DCMS coated inserts.  
 
 
 
 
 
 
 
Fig. 1. Cryofracture and surface: (a) D1; (b) D1; (c) D3; (d) D3; (e) H1;  
(f) H1; (g) H3; (h) H3 
The residual stresses were measured in the different 
coatings and in the substrates before and after the coating 
process. Before the coating process, high compressive 
residual stresses were measured in the substrates (Table 1). 
Because of the coating temperature TB = 520 °C the residual 
compressive stresses decreased during the coating process. 
This is the result of thermally activated processes in the 
coatings and is independent of whether HiPIMS or DCMS 
was used. The measured residual stresses in the HiPIMS 
coatings shows that with increasing bias voltage the residual 
compressive stresses grow. However, the significantly higher 
increase in the residual stresses between the coating types H1 
and H2 and a minor growth between the coating types H2 to 
H3 do not show linear dependence of the compressive 
residual stresses. The measurement of residual stresses in the 
DCMS layers could not be performed due to a pronounced 
(111) texture. 
3.2. Results tribological behavior 
3.2.1. Scratch test: Coating adhesion 
The DCMS and HiPIMS coated tools exhibited a 
dependence of adhesion on bias voltage (Table 3). With an 
increase of bias voltage, the required normal force FN was 
higher, until the coating showed damage mechanisms. 
Exceptions were the coating types D1 and D2. A comparison 
of the LC2 values in dependence of the coating processes and 
the respective bias voltage indicate a higher adhesion of the 
HiPIMS coatings compared to the DCMS layers. The results 
confirm the theory that the HiPIMS technology enables high 
adhesion.  
3.2.2. Calo test: Abrasion 
The results of the Calo test indicate that the HiPIMS layers 
have a higher resistance to abrasion than the DCMS layers 
(Table 2). This is due to the higher hardness and compact 
layer structure of HiPIMS coatings. While the DCMS layers 
had pronounced signs of wear and thus significantly greater 
damage diameters, the HiPIMS layers were only superficially 
damaged. Among the DCMS coated tools, D3 showed the 
lowest wear resistance against abrasion. Especially for this 
coating type the relatively low coating thickness could be the 
cause of the result. 
3.2.3. Impact test: surface distress 
The results of the impact tests show similar damage 
diameters of the three different HiPIMS coatings. The damage 
diameters and spread of damage diameters in the DCMS 
coatings are larger. It turned out that the HiPIMS coatings 
showed better resistance to surface distress under the chosen 
conditions and hardly distinguishable damage diameters ddi, 
independent of the different bias voltages. Because of the 
higher bonding energy it was observed that the HiPIMS 
coatings were removed perpendicular to the coating growth 
direction despite the minor damage diameter. The DCMS 
coatings were removed deeply. 
3.3. Results hard turning test 
During machining of hardened X210CrW12, the HiPIMS type 
H2 reached the highest cutting volume until the wear criterion 
was fulfilled. Pictures of the wear conditions at the end of the 
experiments show the formed crater wear. Due to the coarse 
grain structure (austenite and carbides) of the cold work steel 
the requirements hardness and surface distress fatigue can be 
classified as most important. Simultaneously the coatings 
1 µm
1 µm
1 µm
1 µm
2 µm
2 µm
2 µm
2 µm
a b e f
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Table 3. Results of the coating adhesion and the tribological behavior. 
 D1 D2 D3 H1 H2 H3 
Scratch test FN (LC2) [N] 32.4 ± 1.6 31.3 ± 2.3 58.4 ± 9.1 50.1 ± 4.7 58.2 ± 4.6 62.3 ± 4.1 
Calo Test: damage diameter ddc [µm] 472 ± 87 423 ± 33 535 ± 39 261 ± 41 267 ± 21 253 ± 29 
Impact Test: damage diameter ddi [µm] 128 ± 4 121 ± 11 167 ± 2 99 ± 2 99 ± 10 97 ± 2 
 
have to possess high coating adhesion and wear resistance 
at the cutting edges. For these reasons, it is possible that the 
less dense H1 coatings and the more brittle H3 layers do not 
achieve the performance of the H2 coating type. The 
DCMS coatings reached, due to their lower resistance to 
surface fatigue and lower hardness, significantly lower 
cutting volumes compared to the HiPIMS coating H2. 
During machining of the hardened hot work steel 
X40CrMoV5-1, shown in Figure 2, for the examined 
machinability parameters the D2 coating had the highest 
wear resistance, with the lowest growth rate of crater wear. 
The formed crater wear is shown in the pictures. Among the 
HiPIMS coatings the H1 coating reached the highest 
material removal rate. The results show that the high 
hardness and high residual stresses in the HiPIMS coatings 
have disadvantageous properties during machining of this 
steel type. In comparison to the other HiPIMS coatings the 
H1 type has lower residual stresses, higher layer thicknesses 
and is most similar to the DCMS coating types. These 
properties can positively influence the results in this case. 
The finer grain structure in this steel type requires coatings 
with a balanced hardness-toughness ratio. The D1 layer 
type has a low hardness and the D3 coating type may be too 
thin. The H2 and H3 layers are probably not sufficiently 
tough. Therefore it must be concluded that the coating types 
with favorable properties as determined by the tribological 
investigations could not perform best in the cutting tests.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Cutting volume and results for tested coated tools in hard turning of 
hardened X40CrMoV5-1 and X210CrW12: (a) D2; (b) H1; (c) D2; (d) H2 
The reason for this is the complexity of the hard turning 
process. During the cutting of hardened material all wear 
mechanisms occur, but the level of wear depends on the 
 
characteristics of the tested material, the tool, the coating 
and the cutting process (parameters, cooling).  
4. Conclusions 
The results of the model wear studies showed benefits of 
HiPIMS coatings when loaded with one wear mechanism. 
On examination of the wear mechanisms surface fatigue 
and abrasion, the HiPIMS coatings showed higher wear 
resistance and a higher coating adhesion compared to the 
DCMS coatings. Advantageous wear properties of HiPIMS 
coatings could be observed while machining hardened cold 
work tool steel. The DCMS tools showed higher material 
removal while turning hot work steel. It can therefore be 
conducted that the coating types with favorable properties 
as determined by the tribological investigations could not 
perform best in the cutting tests. Depending on the steel 
type and the process parameters, the coating should be 
selected precisely. The coating type H2 is suitable for 
coarse-grained hardened steel. The coating types D2 and H1 
achieved high cutting volumes while turning fine-grained 
hardened steel.  
 
References 
[1] Denkena, B.; Tönshoff, H.K.: Spanen - Grundlagen, Springer-Verlag, 
3. Auflage, 2011, Heidelberg, p. 221 - 233. 
[2] Ackerschott, G.: Grundlagen der Zerspanung einsatzgehärteter Stähle 
mit geometrisch bestimmter Schneide; Ph.D. Thesis University of 
Aachen, 1989. 
[3] Koch, K. F.: Technologie des Hochpräzisions-Hartdrehens, Ph.D. 
Thesis University of Aachen, 1996. 
[4] Klocke , F.; König, W.: Fertigungsverfahren 1. 8. Auflage. Springer-
Verlag, Berlin, 2008, p. 297 - 300. 
[5] Kouznetsov, V.; Macak, K.; Schneider, J.: A novel pulsed magnetron 
sputter technique utilizing very high target power densities. Surface 
and Coatings Technology 122 (1999), p. 290 - 293. 
[6] Bandorf, R.; Vergöhl, M.; Werner, O.: HiPIMS – Technologie und 
Anwendungsfelder. Vakuum in Forschung und Praxis 21 (2009) Nr. 1, 
Braunschweig, p. 32 - 38 
[7] Bobzin, K.; Bagcivan, B.; Ewering, M.: Hartstoffschichten der 
Zukunft. Vakuum in Forschung und Praxis 22 (2010) Nr. 6, Aachen, p. 
31 - 35. 
[8] Bobzin, K., Bagcivan, B.; Immich, P.; Bolz, S.; Fuß, H.; Cremer, R.: 
Properties of (Ti,Al,Si)N Coatings for High Demanding Metal Cutting 
Applications Deposited by HPPMS in an Industrial Coating Unit, 
Plasma Process. Polym. (2009) 6, Aachen, p. 124 - 128. 
[9] Uhlmann, E.; Stawiszynski, B.; Leyens, C.; Heinze, S.: HiPIMS coated 
carbides with high adhesive strength for hard machining.  
11th International Conference on High Speed Machining 2014, Prag,  
11th to 12th September 2014. 
[10] Uhlmann, E.; Richarz, S.; Fuentes, J.: Hartdrehen von PM-Schnell-
arbeitsstahl. Berlin: Diamond Business Issue 36 No. 1 (2011), pp 10 
20
5
Cu
tti
n
g
Vo
lu
m
e
 V
w
a
t K
B
≥ 0
.3
 m
m
 
10
cm³
0
Tool:
CNMN 120408, carbide
dK =  0.8 µm
Co = 6.0 %
Process parameters:
X40CrMoV5-1:
vc = 120.00 m/min
ap = 0.50 mm
f = 0.20 mm/U
X210CrW12:
vc = 110.00 m/min
ap = 0.50 mm
f = 0.17 mm/U
Cooling: Emulsion D3D2D1 H2H1 H3
X40CrMoV5-1, 55 HRC
X210CrW12, 54 HRC
Results turning X210CrW12Results turning X40CrMoV5-1
300 µm VW = 18,8 cm³
a b
300 µm VW = 17,6 cm³ VW = 8,3 cm³
c
300 µm
d
300 µm VW = 16,5 cm³
